
IT~ erpy
AAMRL.-TR-89-002

AD.-A206 824

DEMONSTRION OF PHYSIOLOGICAL WORKLOAD COREAE
IN CREW CAPABILMT SIULATION (U)

KATHYMcCLOSKEY
MEL ODIE MORROW
WILLL4MA. PEREZ

SYSTEMS RESEARCH LABORAIORIES, PNC.
A Division of Arvn/Caispan
2800 Indian Ripple Road
Dayton, Ohio 45440

JANUARY1989

Inserim Report for November 1987 to August 1988

Approved for public release; distribution is unlimited.

DTIC
ELECTE

3APRI91989f
HARRYG. ARM57RONG AEROSPACE MEDICAL RESEARCH LABORA70RY E
HUMAN SYS TENS DIKSION W
AIR FOR CE SYS TEMS COMMAND
TXJGHIPA77ErSON AIR F(MCFBASE, ONO1045433-65 73 ()



NOTICES

When US Government drawings, specifications, or other data are used for any purpose other
than a definitely related Government procurement operation, the Government thereby incurs
no responsibility nor any obligation whatsoever, and the fact that the Government may have
formulated, furnished, or in any way supplied the said drawings, specifications, or other data,
is not to be regarded by implication or otherwise, as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to manufacture, use, or sell
any patented invention that may in any way be related thereto.

Please do not request copies of this report from the Armstrong Aerospace Medical Research
Laboratory. Additional copies may be purchased from:

National Technical Information Service
5285 Port Royal Road
Springfield, Virginia 22161

Federal Government agencies and their contractors registered with the Defense Technical
Information Center should direct requests for copies of this report to:

Defense Technical Information Center

Cameron Station
Alexandria, Virginia 22314

TECHNICAL REVIEW AND APPROVAL

AAMr,-TR-89-002

This report has been reviewed by the Office of Public Affairs (PA) and is releasable to the
National Technical Information Service (NTIS). At NTIS, it will be available to the general
public, including foreign nations.

This technical report has been reviewed and is approved for publication.

FOR THE COMMANDER

CHARLES BATES, JR.
Director, Human Engineering Division
Armstrong Aerospace Medical Research Laboratory



Unclassified

SECURITY CLASSIFICATION OF THIS PAGE
Form Approved

REPORT DOCUMENTATION PAGE O4No. 0704-0eI

I&. REPORT SECURITY CLASSIFICATION Ib RESTRICTIVE MARKINGS
Unclassified N/A

2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

2b. DECLASSIFICATION /DOWNGRADING SCHEDULE Approved for public release- distribution
is unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

AAMRL-TR-89-002

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

Systems Research Laboratories, OIf applicabe) AAMRL/HED
Inc., Dayton, Ohio 45440 1
6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)

2800 Indian Ripple Road Wright-Patterson Air Force Base, OhioDayton, Ohio 45440 44367
45433-657 3

Ba. NAME OF FUNDING /SPONSORING 8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable) F33615-85-C-0541

c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO ACCESSION NO

62202F 7184 10 33
11. TITLE (Include Security Classification)

Demonstration of PhvsioloQical Workload Correlates in Crew Capability Simulation (U)

12. PERSONAL AUTHOR(S)
McCloskey, Kathy, Morrow, Melodie, and Perez, William
13a. TYPE OF REPORT 113b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) IS. PAGE COUNT

Interim FROM Nov 87 ToDec 88 1989 January 03 70

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on revern if necessary and kmn* by block number)

FIELD GROUP SUB-GROUP Human Performance Simulation Workload. Heart Rate.,-:f
05 08 Eyeblinkp Evoked Potentials Electrophysiology.
23 01 1 1

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

" A laboratory physiological measurement device was modified for use in part-mission,
multicrew man-in-the-loop simulation experiments. An abstract flight simulation task
was employed to obtain behavioral and physiological measures (heart rate, eyeblink,
and evoked potentials) which were correlated to achieve an understanding of crew work-
load. The two classes of workload measures were shown to be relatable and complementary.
The modified Neurophysiological Workload Test Battery device was demonstrated to be
suitable for use in long duration, manned simulation experiments. L.

20. DISTRIBUTtINI AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION

IMUNCLASSIFIEDUNLIMITED C3 SAME AS RPT Q3 OTIC USERS Unclassified
22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 22c. OFFICE SYMBOL

Gilbert G. KuPerman (513) 255-3727 AMRLIHED
DD Form 1473. JUN 36 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE

Unclassified



S HMARY

Behavioral and psychophysiological measures were obtained during a low-

fidelity F-15 fliyht simulation where subjects were required to fly the

wing position in relation to a canned lead flight. One of the major

emphases of this preliminary research effort was to identify, solve and

document the hardware/software problems that emerged when a physiological

data collection device (the Neurupsychological Workload Test battery) was

interfaced with a computer controlling the simulation (Silicon Graphics

device).

Another emphasis was determining the cost-effectiveness of psycho-

physiological measurement in terms of value of tho data. Ihis study de'iiun-

strated that heart rate and eyeblink data not only confirmed and further

clarified information obtained by the behavioral measures, but also pro-

vided information about the flight task not otherwise available. It was

concluded that, in future SABER simulations, the extrd costs of collecting

physiological data are offset by the increased dimensionality and extra

information added to the flight profile data base.
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Section 1

I NTRODIUC I I ON

The Strategic Avionics Battle-Management Evaluation and Research (SABER)

facility was developed by the Human Engineering Division of the Armstrong

Aerospace Medical Research Laboratory (AAMRL) to support exploratory

research and development efforts concerning the evolution arnd refinement of

advanced multiplace aircraft crew system concepts (Wilson anj Kuperman,

1988). SAER exploits the responsiveness and flexibility of rapid proto-

typing tools and graphics display processors. SABER permits the crewsta-

tion designer/human factors practitioner to develop display formats and

crew interface concepts from an abstract design to a fully interactive sta-

tion, and does so through a low cost, minimum time process. Thus, SABER

provides an integrated design process that begins with static display con-

cepts and ends with demonstration/validation using full mission, man-

in-the-loop simulations.

SABER was developed to provide quantitdtive and qualitative crew system

design data early in the development process (Kuperman and Wilson, 1986).

The SABER facility and process is employed to provide weapon system devel-

opment agencies with data in three general areas: (1) crew workload, as a

function of crew size, allocation of tasks to crew position and level of

subsystem automation, (2) crew situational awareness, as a f!unction of

mission phase and exterrial/interndl events, and (3) crew trdlning require-

ments, with regard to both skill requirements and proficiency levels.

SABER is designed to fully capture the real-time experimental data that

will support each of these three areas.

This document reports on the development and test/demonstrdtion of one

component of the SABER crew workload test capability: psycinophysiological

correlates of crew workload. This report presents a description of these

measures, describes a version of the AAMRL Neuropsychologicdl Workload Test

Battery (NWTB) modified specifically for SABER, and presents methods and

results of an off-line (non-SABER) simulation experiment which served to

verify the correct functioning of the modified rNWTB. It is hoped that the

presentation of these data dnd the documentation of the NWTb modifications

1



will facilitate future applications of tie NWTB in the SABER laboratory.

(Thie physiological workload correlates themselves are described in the

Appendix.)



Section 2

SIMULATION AND DEMONSTRATION

OVERVIEW

A small scale flight task silulation, with dn NWTB (Wilson, and O'Donnell,

1988), was obtained for the SABER laboratories. The investigation had as

its main objectives:

1. Test the interface between the simulation and the NWTB (identify

problem areas and correct them).

2. Determine the feasibility of collecting physiological data during

simulation (cost-effectiveness, value of the data, etc.).

3. Formulate recommendations for a larger simulator effort through

the experience of the small scale simulation.

These three objectives were all met to some degree in the effort reported

below. A description of the NWTB used to obtain physiological measures is

followed by a description of the ',ilicon Graphics IRIS simulation (and

pertinent segments of the "DOG" flight). The problems found during the

interface of these two hardware and software systems (the NITB and the

flight simulation) are summarized. The experimental methods used to obtain

behavioral and physiological measures during the simulation are then pre-

sented. The results of these measures (behavioral and physiological) are

discussed in terms of their relation to flight parameters.

Finally, the results of the effort are used to generate recommendations for

a more realistic, full scale simulator investigation that will use physio-

logical measures as part of a ldrger evaluative data base.

3



PHYSIOLOGICAL fIEASURLMENT

The NWTB and SABER Requirements

The NWTS was dveloped to provide multichannel physiological data collec-

ti)n and analysis within one self-contained measurement apparatus. In the

past, collecting multiple physiological Measures required multiple hardware

and software configurations to handle such diverse responses as heart rate

(electrocardiojraphy--ECG), eyeblink (electrooculography--EOG), and elec-

troencephalography (FEG). Furthermore, these separate configurations were

governed by widely different signal/response characteristics. Such things

as gains, offsets, sample rates, etc., varied dramatically between sig-

nals. Researchers f)und separate analysis of measures necessary (i.e.,

overlapping analysis not possible). The governing hypotheses required to

make assumptions about measures and their relationship with workload also

varied distinctly. Each measure required a separate "study" in both

research design requirements and governing hypotheses. The NWTB was

designed to eliminate a large part of these problems. The NWTB is a stan-

dardized system with well defined assumptions that can be used by laymen

and physiological experts alike (Wilson and O'Donnell, 1988).

The NWTB has a PUP 11/73 central processing unit that independently con-

trols six analog to digital (A/D) channels which are assigned as follows:

three EEG channels, one EC, one EOG, and one electromyography (EMG--

muscle). The rlWTB has 13 )rogramming modules that digitize, store, and

dnalyze da ,:

EEG: 1. Oddball task (audio and visual).

2. Memory scanning (Sternberg, audio and visual).

3. Continuous performance.

4. Flash evoked response.

5. Monitoring task.

6. Tracking task.

7. Brain stem response.

8. Checkerboard steady state response.

9. Sine wave steady state response.

4



10. Unpatterned flash steady state response.

ECG: 11. R-wave identification and time-based measurement.

EOG: 12. Blink identification and time-based measurement,

EMG: 13. Power of muscle spectra in frequency domain.

The NWTB was originally designed for collection of data from only one

operator for limited periods of time (1 hour). This 1-operator/i-hour

limitation was not acceptable for use in the SABER laboratories. SABER

requirements were such that data collection included a 2-operator scenario

for a period of up to 6 hours. Furthermore, physiological data were to be

digitized and stored during the entire 6-hour period (the original NWTB

stored data in discrete time blocks). This not only required huge amounts

of memory to be added to the NWTB capability, but also extra programming

modules that allowed marking of the time series and transfer of the perti-

nent data segments from memory to the original NWTB format for analysis.

The following section of this report discusses in detail the problems of

interfacing/integrating the NWTB with an off-line simulation that possessed

requirements identical to those of the SABER laboratories.

The Modified Neuropsychological Workload Test Battery

The NWTB was modified to accommodate studies in the SABER laboratories, in

which lengthy data collection could last up to 0 hours for two subjects at

a time. A two-step approach was employed. First, the problem of data

collection was addressed.

Because a large quantity of data could potentially be collected, 8 more

disc surfaces were added to the NWTB to increase storage capability to

120 Mbytes. Ten analog to digital (A/D) channels were available for col-

lecting and storing data. Two of the 10 channels were dedicated to heart

rate collection and sampled at a I KHz rate (4 Kbytes/second, 240 Kbytes/

minute, 14.4 Mbytes/hour, and 86.4 Mbytes/total test capability). Two

channels were dedicated to eyeblink collection and saipled it a 100 Hz rdte

(8.64 Mbytes/total test capability). Six channels were dediuated to EEG

collection and sampled at a 200 liz rate for intermittent 3-minute periods

5



(432 Kbytes/period and 17.28 Moytes/40 pieriods). Total data collection

capability for all 10 channels was 112.32 Mbytes. (NOTE: The actual

memory space required for the present study was negligible and did not

approach the maximum capacity of the modified NWTB; for each subject, one

channel of heart rate, eyeblink, and EEG data were collected for very short

periods of time, i.e., under 1 hour continuous for one subject.)

The next step was to arraige the data into a format that could be presented

to the standard NWTB hardware and software for analyses. Extra A/D con-

verters were added to the NWTB to accommodate the two channels of heart

rate data. A software module (also called SABER) was written to collect

heart rate and eyeblink data. This module also provided an "Audio Rare

Event" (Oddball) task, described later, identical to the standard test on

the original NWTB. The module transferred all collected digitized data to

the hard discs for archival storage. This feature allowed previously

collected test data to be restored in the modified NWTB, ready for the next

processing step. An IEEE interface between the NWTB and SABER simulation

was provided for a direct link concerning control and data transfer com-

munications but was not used in the present study. A second software

module (SABSRT) was created to allow the operator to select position and

time frames of physiological data that corresponded to specific flight seg-

ments. These "data windows" were identical to standard NWTB "*.OAT" files,

which allowed the information to be processed in the NWTB data reduction/

analysis program as usual. A third software module controlled the gain and

filter settings of a Systems Research Laboratories, Inc. (SRL), program-

mable amplifier/filter. Ihe amplifier/filtei s eenys used in this study

were as follows:

EEG EOG ECG

High Pass: 0.10 0.10 9.65

Low Pass: 29.80 100.44 100.44

Filter Range: 32-64K 4-8K 1-2K

Gain: 50,000 5000 2000

Notch Filter: 6011z 601Hz 601]z

6



In summary, hardware additions included 8 disc surfaces, A/D converters and

a 10-channel SRL amplifier/filter. The sequence of events was as follows:

data were collected on the NWTB as usual, however, the digitized data went

directly to the 8 disc surfaces that had been added to the NWTB. After

data collection was completed, SABSRT pulled windows of data from the

discs. Once chosen, these windows went directly onto the standard NWTB

removable 5 Mbyte disc as "*.DAT" files where they could be examined with

the standard NWTB reduction/analysis program modules.

SIMULATION

IRIS Silicon Graphics Computer System

A dynamic flight mission using a modified version of the "DOG" program pro-

vided the task. The DOG software included an option for recording the per-

formance parameters (e.g., altitude, velocity) at selectable data sampling

rates. The hardware of the Silicon Graphics Workstation Model (IRIS 3030)

remained standard. A flight pattern similar to a simple oval circuit was

created with a simulated F-15 aircraft and saved (prerecorded) on the IRIS'

hard disc. This prerecorded flight path was sequenced in tie following

manner: take-off (TO), straight and level (SLI), left bank (B1), straight

and level (SL2), left bank (B2), straight and level (SL3), and landing

(L). An illustration of the flight path is presented in Figure 1. Each

segment of the pattern used at least one minute's worth of time to enable

EEG data collection. Next, the pattern was broken down into actual time

windows that reflected each flight segment. Once the criterion flight

pattern was prerecorded and timed, subjects piloted a second F-15 aircraft

along with the prerecorded criterion aircraft. The objective was to fly

the second (wing) aircraft 1500 feet or less behind tile first (lead)

aircraft, maintaining similar altitude and roll angle. Unfortunately, the

IRIS update rate slowed down when the wing plane was added to the screen

with the prerecorded lead plane, and sampling rate decreased. Sampling

rate also became more variable within each segment, and within and between

each subject. When a sampling rate was specified, the display made jerky,

discrete movements instead of the smooth, continuous movements required for

simulation. Because this "jerky" simulation was too difficdlt to fly,

7
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sampling rate was allowed to vary randomly, resulting in about 13 perform-

ance samples per second.

Specifying the lead and wing options of the IRIS allowed the subjects' wing

flight and the prerecorded lead flight to be recorded in a file simultane-

ously, resulting in comparable data at the end of a run. The data showed

both aircrafts' positions in the Z (longitudinal trailing distance),

Y (altitude), and X (lateral off-set or roll) axes for each sample taken

(Figure 2). Thus, flying "two" was similar to d three axis pursuit

tracking task.

Two programs, FLIGHT.C and C(XM.C, which encompdss the DOG proyrdin, under-

went modifications to allow a distance and heading display Lo be placed on

the screen. Also, an additional modification of COMM.C allowed position

data to be sent to "OUTFILE" for viewing.

NWTB AND IRIS INTERFACE

The new problem of the random IRIS sampling rate during simulated lead/wing

flight had implications for the use of the NWTB in the study. The IRIS ran

on variable software time instead of real-time. The NWTB ran on a real-

time clock, and problems appeared during correlation of NWTU and IRIS

data. To solve these problems, an RS-232 was employed to link both systems

together to run on the IRIS' software time. Since the software time was

considerably slower, the segments lasted longer than we had originally

anticipated. The segment start and stop times, as well as rha amount of

real time, are listed below.

Prerecorded Time

Start Stop Real Time

Take-off 00:00 00:59 01:13

SLI 01:00 02:11 01:36

Bi 02:12 03:12 01.33

SL2 03:13 06:18 04:38

B2 06:19 07:21 01:34

SL3 07:22 08:46 01:53

Landing 08:47 10:34 02:16

9
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Although the real start and stop time for each of the flight segments was

known, the prerecorded time was variable in both interval between seconds

and length of each second. Because the NWTB used the IRIS' variable soft-

ware time, the NWTB could be programmed to begin data collection at

00:00:00 when the IRIS clock began counting at the start of the flight

trial. For the EOG and ECG, this was not a problem since the data was

recorded continuously and setting the program parameters to collect this

type of data was a one-step operation. However, for the EEG data a real

logistics problem emerged. During EEG collection, a secondary task

(described later) was presented and evoked potentials recorded to the onset

of the task items. A window of time during each segment was chosen to pre-

sent this secondary task, rather than attempting to collect continuous

data. This meant that each time window block had to be typed in sepa-

rately. Unfortunately, the operator could only input one window at a time

while collection was underway. This was an extremely inconvenient and

error prone situation. If the time window block was entered incorrectly,

and could not be corrected by the time the test was due to begin, the

entire run had to be reset and restarted. To alleviate this problem, the

NWTB was programmed to start counting from 10:00:00 to allow the operator

to type in all the time window blocks before the run started. When the

task started, the NWTB time was reset to 10:00:00 and the ElIG data was

collected at time points specified by the operator. (NOTE: All the data

windows were under 00:10:34, so it would have taken the NWT1 almost

10 hours to count down to the first time windGw.) The starting times for

each data window were input as follows:

EOG and ECG EEG

Take-off 10:00:03 10:00:03

SLI 10:01:00 10:01:07

BI 10:02:11 IU:02:11

SL2 10:05:15 10:05:15

B2 10:06:19 I(:06:1')

SL3 10:07:22 Iu:07:22

Landing 10:08:47 10:09:25

11



EE,; windows were sli jhtly lifferent from EOG and ECG because the data in

each window were collected as discrete data. The window choices were made

to optimize the effects of each segment. Each I minute EEG sample needed

to reflect the effects of each segment. For example, "landing" effects

would most lik ly be seen in the latter part of the landing segment where

th,! subject's ilane .qas actually touching down on the runway. Once the run

wa; completed (when the leid plane stopped on the runway) the NWTB program

was halted and SABSRI was ijsed to sift through the data for the specified

windows listed i-,ove.

12



Section 3

DATA REDUCI ION

RI)UCING TIlL IRIS IEIIAVIORAL DATA

After the behavioral data was sampled in binary fashion, a program was

written to convert the data set into American Standard Code for Information

Interchange (ASCII) format. This same program further reduced the data

into root mean square (RMS) error terms for each of the three axes (X, Y

and Z). The RMS formula used here is presented below:

(E(X - W ))2

Li Wi

RMS Error = ( X n
LiJ Wi

V7- 
n

L = Lead (canned)
W = Wing (subject)

The data were sorted between subjects and by fliyht segment. The data set

was then written onto an ASCII IIUS.* file which was compatible with SAS.

These files were transferred to i VAX 865) via a Telnet cc'imunications

interface. Once on the VAX the data set was r~ady tu be statistically

exami ned.

REDUCING THE NWTB PHYSIOLOGICAL DATA

Analysis of the physiolojical dat.a on the NWTB was a very time consuming

task during this study. The ECG, EOG, and evoked potentials required

separate analysis techniques. Edch of these t,_chniques is described below.

ECG Analysis

The heart rdte routine calculated the timt, bet.jeen R waves, or inter-beat-

intervals (IBIs), and the variance of the IBIs. Prior to these calcula-

tions, the program dllOwed certain parameters Lo be 'mianipulated by the

13



operator. These pararieters incli ded Lhe iii flIutll ,nd maximum 13B1 time

values, cardiac (R wave) amillituile, and a difference criterion in terms of

slope of the R wave. For mst of the subjects the default parameter values

provided by the program wer, sufficient for the correct identification of

the R waves, anci the resultint MI~is. By calling , file name within the

heart rate program, the first 10-second block of heart rate data was dis-

played on the terminal. The R waves on the screen were marked with an

asterisk by the program. The operator visually inspected the R waves and

when it was determined that the Program was identifying them correctly, a

"C" was entered on the keyboard. Then the proyradi calculated statistics

for the entire tile. The program displayed these statistics on the screen

and noted any "bad beits" (t.hose falling outside of the parameters) for the

file. In most (ases, adjust.iny the parameters removed the bad beats. Yet

a problem arose when P wave,, occarred on the "edges" (beginning or end) of

the 10-second blocks. These, R waves were lost to the analysis and intro-

duced artifactual variance to the IBI averages. lhis same problem was out-

lined by Albery (1988). (It is suygested that an option be added to the

heart rate program that allows the operator to insert an asterisk at the

correct R wave occurrence, even if it falls at the edge of a 10-second

block.)

The NWTB allowed for a printout of the summary statistics via a printer

mounted at the front of the computer. This capability ensured that the

operator obtained hard data copies of each file summary. However, the NWTB

did not possess the capability to organize multiple heart rate files into a
"master" file for further analysis. The summary statistics were entered by

hand onto a data sheet, and ultimately input into a SAS file. (It was

recommended that this labor intensive process be replaced by a software

module that will organize master files.) Recently, developing an NWTB

interface for file transfer to other computers that have statistics soft-

ware has greatly reduced operator time. Unfortunately, this interface was

not available for use at the time of our data transfer.

The NWTB summary statistics gave the averages of the IBis for each of the

10-second blocks, as well as the overall segment average. When it was

decided post hoc to break the overall segment averages down into the first

14



dfld last 30 seconds of the segments, the II values were averaged across

the first three and last three 10-second blocks. The variability of the

IBis could not be averaged by blocks nor be examined in the same manner as

the 1131s. (A small program module thdt would allow different combination

averages of the 10-second blocks is another recommended option that would

have reduced operator time and produced a more detailed analysis.)

EOG Analysis

The eyeblink data were the easiest to reduce using the NWTI3. The feature

that expedited the analysis was that of a ilovinlg cursor under the control

of the operator. The parameters that identified an eyebliiik were those of

blink amplitude, iiminum and maximum blink time and slope of the eye

closure. Usually these parameters were sufficient. At tines, however,

blinks would occur that did not fit the subject.'s overall )link pattern.

Changing the parameters to include or exclude (in unu',ual blink often

affected more "noriial" blinks. The cursor option eliminated this problem

by allowing the operator to add or delete a blink without -.hanging pardome-

ter values. As with the heart rate program, when the operator was satis-

fied that the program wa, identifying blinks correctly, a "C" was entered

and summary stdtistiCs oitaine(I. A hard copy Was alo available from :.he

NWTB printer. The form )f the summary statistics was different in that.

number of blinks, inter flink inr.erval, closinI duration, -ind one-half

,ompl itude (closing durdti,)n was given for the eiebl inl. data.

The same problems occurred during the eyeblink analysis as those found with

the heart rate program, specificilly, entering data 'iy hanJ and lack of

post hoc analysis programs. When examining th, first and last 30 seconds

of each segment, only the number of blink,, cou!d oe .iverag.d across the

10-second blocks.

Otner problems emerged diring the eyeblink analysis not found with heart

rate. In some instances, subjects did not blink at all. The operator was

confronted with zeros acruss all summairy StdtiStiCS, and was required to

scroll through the entire data file visually to ensure that the prograim had

not missed real blink oc:urrences. Furthermoure, two or more blinks had to

15



occur within a 10-second block, or the blink variance could not be calcu-

lated. This was not a problem unique to the NWTB. Missing data (no

blinks, or less than two blinks) are a function of the eyeblink measure,

and were treated here as pertinent data during later analysis.

Evoked Potential Analysis

The routine on the NWTB averaged together the single evoked potentials

elicited by the tones. The program produced separate averages for rare and

frequent tones. Furthermore, the program automatically placed a vertical

line at the place on the evoked potential (EP) averaged waveform that was

the largest in amplitude. The NWTB also provided an operator controlled

cursor that allowed amplitude and latency measures to be obtained for any

of the components of the averaged EPs.

The two most time consuming tasks in removing the pertinent data from the

NWTB were those of "picking" the correct components of each waveform by

moving the cursor, and transferring the corresponding amplitude and latency

values to data sheets by hand (and ultimately to another computer for sta-

tistical analysis).

Other problems were encountered that were unique to the evoked potential

measures. One minute of EP recording during the flight task limited the

number of single trials available for each average. This problem was

further compounded by the subjects' tendency to blink at the onset of each

tone, especially the rare tones. Without an eyeblink correction program on

the NWTB, the operator had to determine the minimum eyeblink amplitude

threshold for each EP average, without going below a 12 single trial cut-

off for each average. The overall eyeblink amplitude thresholds for the EP

averages ranged from 500 microvolts to two and one-half millivolts.
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Section 4

EXPLRIMLNrAL MLTIIUI)S

SUBJECTS

Six healthy male nonpilots, aged 20-45 yedrs, participated in this study.

Each subject was right-handed and had approximately 20/20 uncorrected

vision.

DESIGN

Data were collected in a mixed factorial design. Independent measures

included training session (early, middle or late training, test session 1

or 2), visibility (day or night), and flight segment (RESI, TO, SL1, BI,

SL2, B2, SL3, dnd L). The visibility factor w-ts couniterbalanced within and

between subjects. Night was the same flight s,;enario as day, but the dis-

play became dimmer and "night lights" from the city, runway, and aircraft

became apparent. Dependent measures included root mean square error, which

represented distance between the lead/wing planes in the three axes (XRMS,

YRMS, and ZRMS), heart rate and heart rate variability (HR and HRV), eye-

blink rate, duration, half amplitude duration and variability (BR, DUR,

HDUR and BV), and N200/P300 amplitude and latency of the evoked potentials

obtained from the EEG.

PROCEDURES

Training

The primary task required the subjects to follow the prerecorded lead

flightpath, described previously. Training was composed of 12 sessions

which lasted for 1 hour and 15 minutes each. On the first day, subjects

were introduced to the task and given the opportunity to operate the simu-

lated F-15 aircraft. On the second ddy, they learned how to fly behind the

prerecorded lead aircraft (see Tdble 1 for the training schedule).

Following these 2 days, subjects received standardize!d training which con-

sisted of six full missions and four "landing only" segments. Following

17



[ABLE 1. IRAINING SCHEDULL SHEET

Subject Condition Order Date

DAY 1:
Familiarization:

- Experimental Purpose and Task
- Introduction to the NWTB

Purpose
Instrumentation
Data Collection

- Introduction to Flight Program
Flight Path
Flight Procedures
Briefing Demo

- Sample Physioloyical )ata
- Focused -raininj

Overview of Controls
Flaps and Spoilers
Demo Flight

- Hands On Training
Day and Night
(B) (N)

- Take-Off Procedure for Lift (ff
- Straight and Le!vel Altitude dnd Jink
- Banking 1Procedure for Turning
- Landing

Approach
Speed
Rate of Descent
Controls
Touchdown

DAY 2:
Review:

- Flight Procedures
- Overview of Controls
- Flaps and Spoilers
- Day and Night Flights
- Introduction to Top Gun

Formation Flying
Demo of Prerecorded Flight
Performance Requirements
Following Lead

- Hands On Wing Training (same as DAY I Hands On Training)

18



the second (early), seventh (middle) and twelfth (late) tra~ning sessions,

all the dependent measures were collected except the EEG, to provide infor-

mation on training progress. On these data collection days, a 2-minute EOG

and ECG baseline measurement was taken, followed by two full warm-up

flights. Following warm-up, two full missions were flown where EOG, ECG

and RIS error scores were collected.

Training criterion was reached when subjects could maintain a distance of

1500 feet maximum between his own plane and that of the lea l. A landing

with a score of zero (no crash) had to be obtained at least half the

time. Of six subjects, five reached criterion by the last training

session. These five subjects' data were used in all subseluent analyses.

Testing

Data were also collected on the -ixteenth (test 1) ard the seventeenth

(test 2) day. Because LFG data were collected during these sessions, which

resulted in longer preparation and data reduction times, each session

lasted approximately 3 hours. Similar to the data collection for training,

two minutes of EOG and EGG baseline data were collecLed prior to flight.

Also, EEG data were collected during the second minut.e prior to flight

while the subjects monitored audio rare events (see ielow). Following

baseline, subjects were ,liven two full warm-up flights, and then required

to fly two full missions during which all dependent ineasures were col-

lected. The audio rare !vent oc(curred for 1 minute during each segment for

both test 1 and 2 lights.

Audio Rare Event (Oddball)

The secondary task was toe Audio Rare Event, or, Oddball test, which was

used to elicit evoked potentials from the backjround EEG. This standard

test was taken from the NWTU. The Oddball intermittently presented two

tones of different pitch to the subject v~a headphones. lhe subject's task

was to count the number of tones occurring in i specific [itch while

ignoring the other tone. The task was designed to present the counted tone
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between 20 to 4 1 perce nt ot the time. Hence the rldnhe "rare" and "odd-

ball." The parimeters for this test are presenter in lable 2

TABLE 2. PitRAMLrEKS FOR 1HL AUUIIORY ODDBALL

Rate tone: 1501 lHz

Frequent tone: 1199 ,iz

Interstimulus interval: 1500 lIlsec

Probability of rare tune: 40 percenL

Minimum nuiiber of rare tonfs: 14

Tone inten;ity: I (approx. 15-80( Db (A))

Te,,t wi l last 60 second,, *

* (machine time was actually longer)

Electrode Placement and Procedure

Silver-silver chloride ele(trodes were used for data collection. Adhesive

collars were plaiced around the (:uff surrounding the electrode. The elec-

trode was then filled with conducting credm. The subjects' skin was

liqhtly scrubbed with a mild abrdsive gel, rinsed with dlcohol, and dried

with a gauze paJ. Following preparations, one electrode wjs placed on each

of the subjects' mastoids, one for reference and one for ground. For EOG,

an electrode wa; placed centraliy just above the eyebrow of the dominant

eye. For ECG, in electrode was pldced one-half inch above the top of the

sternum (fleshy midline indentaLion), with a reference electrode placed or

the subject's side, just below the lowest left rib. For the LEG, an elec-

trode was positioned on the central parietal area (Pz) according to the

10-20 system of scalp electrode placement (Jasper, 1958). Impeddnces

between signal and reference electrodes were kept below 20K ohms for ECG,

below 10K ohms for EOG and below 5K ohms for EEG. The mastoid electrode

with the lowest impedance was used to reference the FOG and EiG; the other

electrode was 'sed as ground for all three sign,Is. Imlpedance for all

connections was checked periodically throughout the (dIa sessions.
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Section 5

RESULTS

The following paired comparisons for the behavioral data were performed

using standard one-tailed t-tests, significant at p < 0.05. The paired

comparisons for the physiological data were performed using the more con-

servative Bonferroni test, also significant at p < 0.05. The analysis of

variances (ANOVAs) reported here were obtained through the 1985 version of

SAS.

BEHAVIORAL DATA

The X axis data reported below represents the amount of the subjects'

lateral offset compared to the wing position. The Y axis data corresponds

to the altitude difference between the subject and lead. Finally, the Z

axis corresponds to the trail distance of the subject to the lead.

X Axis (Lateral Offset)

RMSX. The root mean square error in the X axis (R1SX) was affected by

flight segment, F(6,24) = 15.32, p < 0.0001. As can be seen in Figure 3,

RMSX was larger during the two bank segments than during the rest of the

flight. Day/night conditions and session block mediated this effect. The

segment by day/night interaction was significant, F(6,24) = 3.34,

p < 0.0154. This interaction is depicted in Figure 4. During the first

bank segment, RMSX was larger during the day condition than during night.

The segment by session block interaction was also significant, F(24,9) =

3.44, p < 0.0001. As can be seen in Figure 5, during the first and second

bank segments and second straight and level the RMSX was larger early in

the session blocks.

Y Axis (Altitude).

RMSY. The only significant effect for RMSY was that of session block,

F(4,16) = 3.54, p < 0.0298. This effect is shown in Figure 6. RMSY was

larger during the early session block than during the rest of the sessions.
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Z Axis (Trailing Distance)

RMSZ. There was a significant effect of segment on RfSZ, F(6,24) = 3.11,

p < 0.0213. RMSZ was larger during the second and third straight and level

and the second bank than during the other flight segments (Figure 7).

Similar to the X axis, this segment effect was mediated by day/night condi-

tions and session block. The segment by day/night interaction was signifi-

cant, F(6,24) = 2.65, p < 0.0410. As depicted in Figure 8, RMSZ was larger

at the second straight and level segment during day than during night. The

segment by session block interaction was significant, F(24,96) = 2.27,

p < 0.0026. Figure 9 shows that RMSZ was larger at the second and third

straight and level, the second bank, and landing segments during day flight

than during night.

PHYSIOLOGICAL DATA

Heart Rate (ECG)

Beats Per Minute (BPM). The first test performed on the heart rate in BP!1

was a flight segment by session block interaction ANOVA (8 x 5). This

interaction was not significant. The main effect of segment was signifi-

cant, F(7,28) = 3.97, p < 0.0039. As shown in Figure 10, during the

landing segment subject's heart rate was larger than during rest, take-off,

the first straight and level and bank, and the second straight and level.

The second bank and third straight and level were not significantly differ-

ent from landing. The main effects of session block and day/night were not

significant.

Another test of heart rate was performed on BPM taken from the first and

last 30 seconds of each segment. This flight segment by time block

analysis of variance (ANOVA) interaction was not significant, even though

visual inspection of Figure 11 suggests that BPM is larger during the last

30 seconds of the landing than during the first 30 seconds.

Even though the main effect of session block was not significant, a pattern

of the five subjects' means emerged along training order. A regression was
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performed on the means, as shown in Figure 12. The r value equaled 0.7743,

yet accounted for only 59.9 percent of the variance. Again, a pattern is

apparent upon inspection, but not statistically significant.

ilearL ;dLt Variabi1ity (IIRV). The first test performed on the HRV was also

a flight segment by session block ANOVA, which was not significant. All

main effects, day/night, flight segment and session block, were not sig-

nificant. However, HRV in relation to flight segment is presented in Fig-

ure 13. Recall the behavioral data in the X axis (lateral offset) during

the bank segments (Figures 4, 5 and 6). The HRV appears to decrease as

RMSX error increases during bank maneuvers.

Eyeblink (EOG)

Number of Blinks. The first test performed on the number of blinks was the

flight segment by session block interaction ANOVA, which was not signifi-

cant. The main effects of session block and day/night were also not sig-

nificant. Flight segment was significant, F(7,28) = 11.55, p < 0.0001. As

shown in Figure 14, subjects blinked more during take-off than during any

of the other flight segments.

Another test was performed on the eyeblink data, similar to the heart

rate. The first and last 30 seconds of data in each segment were

obtained. The flight segment by time block (8 X 2) interaction was sig-

nificant, F(7,28) = 17.46, p < 0.0001. As can be seen in Figure 15, sub-

jects blinked more during the first 30 seconds of the take-off segment than

during the last 30 seconds.

Blink Interval. None of the dependent variables affected blink interval,

except for flight segment. The main effect of segment was significant,

F(7,28) = 2.68, p < 0.0297. Blink interval was larger during the resting

segment than during all other segments.

Half-Amplitude Closing Duration. There were no significant interactions or

main effects for this eyeblink measure.
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Closing Duration. The interaction for flight segment by session block was

not significant. However, all three main effects were significant: day/

night, F(1,4) = 11.18, p < 0.0287; session block, F(4,14) = 5.04,

p < 0.0100; and flight segment, F(7,28) = 3.44, p < 0.0087. As can be seen

in Figure 16, closing duration was longer during day than during night

flights. Also, closing duration was longer during both test conditions

than during early, middle or late session blocks (see Figure 17). Closing

duration was longer during the resting segment than during all other flight

segments, as shown in Figure 18.

Evoked Potentials

The data reported below were taken from both the rare tone and frequent

tone evoked potentials obtained from the oddball task. Components were

selected according to latency and waveform criterion. For the identifica-

tion of the P200 component, a positive-going deflection had to occur within

a 150-300 msec time window after onset of the stimulus. For the N200 com-

ponent, a negative-going deflection had to occur within 150-350 msec. For

the P300, a positive-going component had to occur within 300-700 msec. In

many instances there were missing components in the individual subjects'

waveforms. For example, the frequent tone does not elicit a N200 or P300

for most subjects. The analysis for these components was not included

since over half of the data points were missing. For the rare tone evoked

potentials there were also missing data points. However, all components

were included in the analysis since the amount of missing points was negli-

gible. Representative subject rare tone EPs, as plotted by the NWTB, are

presented in Figure 19. The P300 components on both averages are marked

by the cursor. The latency and amplitude values of the P300 are given at

the bottom of each waveform.

Rare Tone Evoked Potentials

The P200, N200 and P300 amplitude and latency values were all tested for

significance in relation to day/night, flight segment and test block (see

Table 3). The only component to show significance was the P200. P200

amplitude varied according to flight segment, F(7,28) = 4.03, p < 0.0336.
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-- CURSOR VALUES --
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Figure 19. Representative Evoked Potentials from Subjects 03 and 05
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TABLE 3. SIGNIFICANT TABLE FOR ALL EP COMPONENTS (P VALUE)

P200 P200 N200 N200 P300 P300
Amplitude Latency Amplitude Latency Amplitude Latency

RARE TONE COMPONENTS

Day/Night 0.2058 0.9116 0.6989 0.7351 0.9502 0.4476

Segment 0.0036* 0.4529 0.6463 0.9698 0.1138 0.9630

Training 0.9858 0.1705 0.9222 0.4496 0.5112 0.3885
Block

Day/Night 0.3804 0.1302 0.7005 0.1613 0.2955 0.3893
X Segment

FREQUENT TONE COMPONENTS

Day/Night 0.0550 0.5259

Segment 0.0002* 0.3573

Training 0.4101 0.9891
Block

Day/Night 0.7877 0.3254
X Segment

Amplitude = millivolts
Latency = milliseconds
* p < 0.05

Amplitude was larger during rest than during take-off, the first and second

straight and level, and the first bank, which in turn were larger than the

second bank, the third straight and level, and landing (see Figure 20).

Frequent Tone Evoked Potentials

The P200 amplitude of the frequent tone evoked potential also varied

according to flight segment, F(7,28) = 6.33, p < 0.0002. As can be seen

in Figure 21, amplitude was larger during rest and take-off than during all

other segments of the flight. Day/night and test block effects were not

significant.
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Section 6

DISCUSSION

The SG behavioral data showed clear session block effects in all three con-

trol axes. Subjects' error in controlling their aircraft and following the

lead plane was larger at the beginning of the sessions. Also, heart rate

decreased as familiarity and competence on this flight task increased. The

convergence of the behavioral error and heart rate data suggests a definite

training effect during these sessions.

There was an effect attributed to day/night visibility which was surprising

in its direction. Error in the lateral offset and trail distance axes

increased during day flight over that found with night flight. Subjects'

comments as to the difficulty of the flights under these visibility condi-

tions matched the increase in error during the day flight. Most subjects

said that the extraneous display information during day flight interferred

with the task of following the lead plane. Night flight removed this

visual information, and added more "relevant" display cues such as lead

tdil/wing lights and engine burn as well ds landing lights on the runwdy.

Subjects also reported improved depth cues during night flight. This visi-

bility factor also affected blink behavior in the manner suggested by

Morris ((1985) see Appendix). The length of time the eye remained closed

(blink duration) was longer when control urror was greatest, i.e., during

day flight.

It should be noted here that the flight simulation was a low fidelity simu-

lation with unrealistic terrain and horizon cues. In light of this situa-

tion, it might not be too surprising to find converging behavioral and

physiological data that suggests night flight was easier than day flight.

These patterns would not be expected in a high fidelity simulation or real

flight.

The effects of the different flight segments on control error were differ-

ent for lateral offset and trail distance. The lateral offset error

between the subject's plane and the lead was greatest during both the first

and second bank maneuvers. Furthermore, both IIRV and number of blinks
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decreased during these two bank segments. Recall that increased load on an

operator decreases HRV and number of blinks. The correspondiing changes in

these three measures (offset error, HRV, and blinks) strongly suggest that

the first and second bank maneuvers were the most behaviorally difficult

segments in the flight.

Trail distance error, howev.?r, was most affected ornly by the first bank

maneuver. The data suggest' that subjects were playing "catch-up" in trail

distance to the lead from tle first bank ;ip until landing (see Figure 6).

An interesting aside is that, hal only tht error (dta in the three axis

pursuit trackin( task been .)btained, it would be very difficult to say

where in the fi ight the greatest control demand ws i mposed on the sub-

jects. The altitude axis showed no segment effecis, and the offset and

trail axes show two distinctly different patterns of error. Without the

physiological data, it would have been a toss-up between the offset and

trail patterns in determininig the segments with the greatest control load.

The evoked potential data were disappointing. The P300 components did not

covary with any of the independent variables (segment, session or visibil-

ity). The rare and frequent tone P200 components did show differences

between preflight baseline ind all other segments of the flight. A

decreasing rare tone P200 auplitide trend frum the second straight and

level to the lanJing segment was also apparent, albeit insignificant.

Other physiological results identified flight effects not found with the

evoked potential or behavioral ddta. Heart rate in BPS showed increases

during the landing segment, specifically during the last 30 seconds where

subjects were actually touching down on the runway. At least during the

last few sessions, if the subjects were going to lose control of their

aircraft and possibly crash, it would have been during this segment. The

heart rate data reflect the heightened arousal during landing that the

other measures do not.

The eyeblink data showed that number of blinks were greatest during take-

off, specifically during the first 30 seconds of the segment where subjects
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were heavily SCdnning the cockpit instrumentation displays. This portion

of the segment, was spent readying the airplane for take-off (e.g. pretake-

off checks, such os wir tlid I position) prior to th( lead fly-by. The last

30 %(cord(bs of the h eypIL r t were actual Lake(-off after the lead fly-by and

during this portion the number of blinks is the Same as tioe rest of the

segments.

In summary, the physiological data provided information aioUt the simulated

flight task that rot only corresponded to and further clarified the behav-

ioral data, but also showed differences between segments of tne fliyht task

that would not have beer appdrent with the behavioral data alone.
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Section 7
REC(IPMENDAT IONS

The three objectives outlind in Section ? of thi'; (iocuIient included a test

of the interface betw(,en thi simulator and the NWIB, determining the value

of the physiological lata c)llected dnd forriulatiiig recommendations for

further use of these ;;easurs in d ldrger simulation effort.

As shown elsewhere in this report, the problems o interfacing the simula-

tor and NWTB were time consuming, complicited dn(l difficult to solve. Yet

there is now in place the caipability to record phjsiological data in con-

junction with SABER simulator events. The interfice problems have been

solved during this prelimin(iry effort. However, is discussed in Section 3,

the NWTB still possesses user-intensive requiremenmts for obtaining data

means and summary stalistic;. Without a .ubstantial investment in softw'ire

changes these require,ients will remain. It now bcomes a question of a

trade-off between the cost )f employing ai NWTI3 operdtor, the intrinsic

worth of the data obtained, and delays in obtaining reduced/analyzed data.

From the data reported above, physiologicdl results not only clarified

behavioral issues, but. also provided additional information not obtained

othi;rwise. This simulation was a low fidelity, "video game" flight task,

and yet the heart rate and ,yeblink measures were sensitive to flight

changes. With the exceptic<. of the evoked potentidl oddball task, these

physiological reasure; added a wealth of information to the evaluative data

base. It would be expected that with a moru redlistic simulation these

measures would add the same, if not more, dimensionality and precision to

any flight evaluation.

As to the failure of the evoked potential technique, there are two possible

methodological changes that could be implemented In the future to increase

measurement sensitivity. The first would )P to dttain an eyeblink correc-

tion program to ensure a ldrger number of single tridls in each of the sub-

jects' averages. The other would be to) change Lhe evoking stimulus from a
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secondary oddball paradigm to a relevdnt f lighL task. Any flight event

that is repeated throughout the course of the i light mission could be used

to time-lock and average the EEG.

An important question for the future use of the SABER simulators would be

that of practice and transfer of learning. The physiological measure most

amenable to this has been heart rate (as reported in the literature and as

evidenced above). The subjects used in this study were not experienced

pilots. Pilots with experience would be expected to give substantially

different response profiles, not only behaviorally but physiologically. It

is highly recommended that any SABER investigation of experts versus

novices, as well as responses obtained from siriulation versus actual

flight, include physiolojical me,tsures.

Other recommendations for d large!r, high-fidelity simulation would be:

1. A priori identification of the fligh,. task segments of interest,

and timing of these sejments to the miearesL second (requires the

simulation be in place with existing time-line analyses).

2. Allow for the marking of the simulator's and NWT3's time history

for such things as pre-programmed emergencies and unplanned

crashes, etc.

3. Obtain an operitor trained on the NW'FB and simulator parameters

before data collection, as well as a consultant for the design of

physiological methodology.

Overall, it is recommended that physiological response measures be obtained

during any simulator mis-ion. In part-task through whole mission scenarios

these measures can only add to te understandiiny of the cr!wmember's role

during flight.
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Section 6

CUNCLUS I ON I

The SABER facility hc, s been est.iblished to investigate the issues involved

in developing alvanced cre%., systems. The development of these new systems

will undoubtedly open up ncw diimiensions of information transactions at the

point of crewme~iber control and systems displdys. The ultimate goals of

the SABER facility include maximizing the effectiveness of the crewmember

within the system, while minimizing the number of crewmembers needed for

the successful )erfor.nance of a mission.

The SABER facility is pdrticularly suited fur the investigation of evolving

and new strategic missions. The technologies needed for the successful

accomplishment )f these mission,. will be i significant driving factor cun-

cerning crewmemr,)er interfa e deign, especially in such areas as the offen-

sive weapons cr2wstation. The introduction of technologies new to the

crewstations, sich as complex artificial intelliyence modules, will provide

quantities of utiknown and indeterminate information to the crewmeniber. It

will become increasingly im,,portant, and increasingly difficult to investi-

gate crewmember workload and situational awareness.

The SABER facility is employing a three-pronged oppruach in documenting

both crew workload and situational awareness. The first is the collection

of relevant time based behavioril data during rel-time simulated missions,

utilizing the f,)ur-meinber SABER crewstation. l)at, such as flight control

parameters, weapons dielivery timing and accuracy, and the timely response

to task relevant information are currently available to provide an objec-

tive data base.

The second is the collection of each crewmember's ratings of the difficulty

of the mission segments. Uata can be collected (luring relevant points of

the mission simulation by using such techniques is the Subjective Workload

Assessment Technique (SWAT) via the simultor's intercom system. Subse-

quent debriefing of the crewmembers using recill pr'Ubes dUgllleted with

behavioral data can ddd to the ,ubjective ddta base.
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The third technique will be a class of physiological measures utilizing the

NWTB. The NWTB is a computer based collection tool that has undergone

specific modifications for SAULR requirements. The modiflcdtions include

expansions to iiiemory that allow data col lectiull from two crewmembers

simultaneously for up to 6 hours in durdtiori. Interfaces that allow tor

the mutual time synchronization of the NW[B and SABLR were. developed which,

in turn, allow for the correlation of physiological, behaViordl, and sub-

jective data bases. The collection of physiological data during a simu-

lated flight mission was shown to be a successful arid useful technique for

the investigation of crewmember workload.

Utilizing this three-pronged approach of behavioral, subjeciive, and

physiological measures should provide a multidimensional u icture of work-

load and situational awareness. Now that the SABER facility possesses the

capability of collecting all three measures, it is expected that the inves-

tigations of crewmember/crewstation interactiorls will be t truer represen-

tation of the actual mission requirements involved.
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APPEND I

In 1987, an AGA,!Dograoh (eoited by Stan Roscoe) wds devoted entirely to

outlining the sl:ate-of-the-art techniques used to identify and quantify the

characteristics of any given flight systeTi (AGARD No. 282, 1987). In 11 of

the 16 chapters dealing with workload and human-machine interactions, psy-

chophysiological techniques wert utilized.

The multidimensional Aualities of workload have recently been recognized,

as evident in the continuing interest of using a Lhree-pronged approach to

investigate human-machine interactions. Thisi approdch cunsi sts of usiny

objective, subjective and physiological technique.s.

Most investigations of new or existing crew Stations, cockpits dnl(l assembly

lines use the oi)jective category of techniques. 1his category includes

detailed time-l ine analyse , of Lask demands, time and mrotion studies, and

performance measures (including secondary task techniques). Furthermore,

the use of subjective techniques, such as rating scales Obtdined from

operators durinj performance, have proven reliable as indicators Of the

level of perceived workload.

Psychophysiological techniques ire relatively new in the applications field

and so do not benefit from repeated use as do the more routinely used

methods of objective and subjective techniques. However, there exists a

wide body of laboratory data thait supports the idea that much can be gained

from these physiological techniques, as well as the few reports that deal

with data obtained from simulations and actual in-flight operational mis-

sions. Psychophysiological techniques can fill in the informational gaps

left by objective and subjective techniques. Time-line analyses yield

information only about the task, and performance measures give information

only about human-machine status at that given time. It does not dnswer

questions about predictive performance under stress, such as emergencies

and bottlenecks in human capacity (O'Donnell dnd Lgyemieier, 1986). Sub-

jective techniques may answer some of these questions, yet it hds been

pointed out before that these techniques have their own unique short-

comings, including individual biases, poor indiviaual replication under
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similar circumstances, and delayed ratings under highi workload conditions

(Hart, 1982). Psychophysiologicdl techniques have been used precisely to

fill in these informational gaps. It is reconmended that this three-

pronged approach (objective, subjective, dnd physioligical) be used to

obttin i more corplete picture uf hurlidn-machint interactions.

PSYCHOPHYSIOLOGY IN RELATION TO FLIGHT PARAMETERS

Hedrt Rate (or ECG)

As early as 1967, researchers were examining changes in the cardio-vascular

system of pilots daring different flight segments. Smith (1967) reported

elevations of heart rate during take-off dnd landing phases of commercial

airline routes. Roman, Older and Jones (1967) reported that navy pilots

flying combat missions had higher heart rates luring carrier landing tian

during actual target acquisition and weapons delivery. This finding

opposed tile belief that icquisition and delivery was the most taxing and

dangerous flight segment.

Increased heart rate during take-off and landing segnents of any given

commercial flight is not surprising since flight time between these two

segments does not usually entail a large umount of pilot activity. How-

ever, in the above military scenario, the segments between take-off and

landing required at least the same amount, if not greater, pilot activity

and attention to flight parameters as during tike-off and landing. This

psychophysiological technique revealed informat.ion not obtainable with the

more traditional measures.

The usefulness of psychophysiological measures was also demonstrated in a

recent application of heirt rate measures during the performance of an A-7D

mission scenario. Skelly, Purvis and Wilson (1987) and Wilson, Purvis,

Skelly, Fullenkamp, and Davis (1987) reported lata taken from pilots during

the training performance of a tactical mi,,sion in both actual and simulated

flight. Heart rate was sensitive to changes ii mission segments as well as

in-flight versus simulator differences. SpeciFically, mission events

affected heart rate in the lead ind wing hut nat in the simulator. For the
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lead flights, pilots' heart rate was hiyher duringi pretake-off, take-off,

guns jink, 90-dejree slice rIaneuver, 4eapons delivery, and landing than

during briefing, fly-over uldate, and cruise. For tre wing, pilots' heart

rate was higher during these same segments than fur briefing dlid cruise.

Pilots' heart rates during simulitor flight did not show these differ-

ences. Furthermnre, heart rate was higher overall during the lead flight

than during the wing flight, and higher during wing than during simulator

flight. Wilson et a]. (198/) suggested that the added workload of piloting

an actual aircraft over that of a simulator, and the increased duties/

responsibilities of the lead pilot, led to these increases in heart rate.

These results lend support Lo the assumption that simulations of flight

missions will not elicit the same physiological responses from pilots that

are found during actual flijht. This has direct hearing on heart rate

taken during simulator flight. As discussed in Skelly et al. (1987), there

is a need to meosure physiological reactivity in imulators to examine how

and where simulator fidelity affects crew perform,,nce. It may be that the

mere physical similarity bet.ween simulators and aircraft is riot sufficient

to have true applicability in training, licensing and certification, and

general engineering research. In the SABER 1aborotories, however, heart

rate responses obtained fro.m. simulation can be used as baselines in rela-

tion to actual dircratt flight. Furthermore, heart rdte can be applied as

a measure of "relational" fidelity. As an example, two separate weapons

delivery simulations may elicit different increases in heart rate.

Related results obtained in the laboratory suggest further uses of heart

rate in examining training effects. In 1973, Zwaga asserted that heart

rate reactivity was directly related to the amount of time any given sub-

ject had practiced on a task. The main hypothesis was that the initial

introduction to a task precipitated increased heart rate, and that further

performance of that task would see gradually decreasing heart rate. These

effects occur even when behavioral performance is stable from the beginning

to the end of the task (McCloskey, 1987). This has importance when

training and task load effects occur in a situation at the same time. In

other words, tak load effects may be superimposed over a gradual ly
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decredsn fLy rend in heart rate, dl Lh 1s trund indy even u[)scure tile task

loadJ ef lects.

Lyeblink (or LOG)

Eyeblink behavior dtiring dellidiny tasks fldS, been criardCLorized as fol lows:

0 As it tenLi ona I deirid,, inc rea se , the numiibe r of hlIi nk s dec reds es.

* As attentiunal demalnds increaSe, the length of time the eye is

closed decrease,(s.

0 As fatigue in1 redses, number of blinks ann durdiJon of blinks

inc reases.

[h ese phenomena h ve lwhe(I hea vilIy doi.umierlLed iii the liter it ure (lidu r,

Strock, Goldstein, stLern, dnd Wlrtil, 198 4; 'Lern and Sk !lly, 1964; Stern,

Wairdth, and Goldstein, I14). Stern, Wdlrdth, and Golds:.ein (1984)

reviewed the evidence concerningj eyeblirik behavior (luring task porformi-

dflce. It is postulated that blinking is oest understood .n terms of a

cognitively-based mechaniism which suppresses blink le(haviir until such

time,; as decisions aboul- externil) sti1uli hadve been maide.

Stern andl Skel ly (1964) reporteo datdj that were obtajined luring high-

fidelity silaltor iiisson,. Blink rdte discrimiinated between the pilot in

control of the airt.rdft anid the person acting as copilot. Furthermore,

ission segments affe (ctid b i nk rate . During the weadpons delivery and

1coping with threat" se(,iwents, hlink rdtC decreased. The ,, mission segment

effects on blink rate are eviden~ce that blink rate Ian be a oeasire of task

demands in ain aircrdft ,etting. Also, blink (duration increased from pilot

to copilIot , andl was showin tu i n reas i n ladtercy as timfe-on-task i ncreased .

Another interesting aspect of blink behadvior is evinIence hat high rates of

l ong-durati on bl inks (lur iny the "takijny-i1n1" arid pro( ess in j of relIevant.

stLimulIi may be an i ndi cit ion of erroneous perfajrrian.e (mii sed s ignal s,

incorrect responses, et( .). lor ri s ( 1985) used a baisi1c imistrument fI jght
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trdiner with cockpit motion and engine sound simulat ion to '!xamine eyeblink

effects in relation to piloting errors. Eyeblink results showed that the

longer the closure duration, the higher the error in airspeed, heading and

altitude during the prespecified flight course. rurthermore, as the fre-

quency of long duration blinks increased (tnose 1nger than 500 msec in

durition), error also increased. Morris '1985) firther suggested that

the;e eyeblink ,easurs can A used to prdict ,,i ,tkes in flight perform-

ance. Errors in airspeed, leading and al itude were preceded by increases

in blink duratin far enougi in advance ti ecOMe candidates for the valid

prediction of "catastrophic failire." Eypblink changes occurred before

performance decrements were found.

The above results docirment he use of eyetl ink mreasures in simulation and

actual flight. These measures proved uselul in oLtaining information about

pilot versus copilot dttentoral demands, task lods, and investigations of

EOG as predictors of flying performance decrement'.

Electroencephalography (or LEG)

Perhaps the most intuitively appealing physiological measure is that of

brain activity. If the cognitive demands on an operator are of interest,

surely the on-going activity of the brain nust offer insighl into mental

workload. In practice, however, it has been found that the LEG does not

offer this insight easily. lifficulties arise with detecting the extremely

small EEG signal (on the order of 5-20 microvolts) from the human scalp. in

some cases ampli fication uf the i.LG must e as large as 1IJO,(0OI0 times the

original signal. When this problem is overcome, LEG techniques can be

useful (O'Donnell, 1979).

On-going EEG obtained during actual aircraft dnd simulator flights has been

submitted to spectral analysis and correlated with mission event as well as

flight formation position (Skelly e al., 1901; Wilsiri e al., 1981). The

4-7.5 HI hand, the 3-1 t"z hand, Lhv 14-19.'5 It hind nud thre 2(J-3JD I; band

of the LEG spectra showed increased activity d ori g the I 'ad and Wing air-

craft flights ov.r that found during the siMulator flight. lurtherure,
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durin nq h h-6 ,tre.p in " Ll d rc ra. t I I i 'h. , the E-13 Hz baid of the LEG

While these resulth are promising, Wilson, et dl. (1987) Lutioned against

too strong of an iiterprptatlon. Problel ms with obtaining lthe ELG signal

stemmed from the electricdlly noisy environment of tBe aircraft (coupled

with movement artifact) not found in simulatlun. This inureased noise

could easily hdVe CaUsed the inLreased activity of the EEG signal, unre-

lated to any Cognitive functions of the pilots. Wilson, eL al. (1987)

recommendel changes in LEG col lucLun techniques, specificdlly larger

amplification of the EEL signal closer to the Joint of the electrical

source. Presently, stronger lredMplitlers locdted within inches of the

scalp contacLs are being tested on pilots flying F-4 aircraft.

When these problems (f ,,ignal noise have been controlled, suectral ancilyses

of on-going EEG signals have proven to be generalized meaures of

arousal. Ster:ian, Schuimer, Dushenko, and Smith (1987) fund that 8-]I Hz

amplitude discriminated between pilots during resting and when flying an

airpl onp. FurLhermiore, sensorlmotor cortex scalp sites siowed higher

amplitude responses in the 8-11 lz band during controlled flight tasks than

the visual cortex scalp sites. These results point out tie usetlness of

on-going LEG leasurn's, PspecialIy when used to inventigdt, differences

between aircraft and simulation flights, and task/nv-task situations.

On-going LEG does ot lnid itself well Lo answering more ,pecific questions

about flight tasks. A Lec.hniqu, known as the averd e(l eviked puLent iol

(EP) has been used extensively in the laboratory to answe very specil ic

questions about task lods. Tht techriique corsists of tdiiny one second

"snap-shots" of the on-.oing LEG potentials that occur in response to dis-

crete 'timuli, and then superimposing these siapshots one upon the other to

obtain dn average EP. !he technique is liliited by the requirement of

multiple occurrences of tue discrete "evoking" stimuli to obtain multiple

snap-shots for the average EP. The recommended number of snap-shots

required to obtain re iable average EP hds rdnged from 10 to 100

(Wickens, Kramer, Vands',e, and lonchin, 1983). In ,ome situations, the

evoking stimuli do riot ,'cur often enough to abtain a "re!iable" average.
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For example, Al ery (1988) )otained Ps elicited frum both d primary and

secinddry task ,hile ,ilots were under centripetal force in d high-G sinu-

Sat)r. The numler of sndp-ihots ava ilable for the L_1 uveruges ran'ged from

I to 22 (nean=11, std 3). .1ber; ( 1483) identifid two major problems thdt

cau;ed many of these ,ingle trial sicp-shits to h- lust: (1) excessive

eye)link contamination during hijh-G stre.s, and 2) u lectricdl noise yen-

era ed by the mrr Lion-hased :entrifuge appiratus. It K interesting to

note, however, that rrsults obtained from these LI' averages still MLatched

the a priori hylothess of he ditlor. Tie couiporruntq of tire Elps to the

prilary trdckin, task ircre ised in armrplitide and MteLrcy as the difficulty

of he task increased. Fur.her;iure, the ,orporrert.s of the LPs to the

sec)ndary target dcquisitior tas< increasd in 1 al.ency as the rumber of

tarjets increas, d. TH is is evidence that, even Lirough LP signals May be

noi;y and conta inate'l by antifa':ts ir no'ion-lasd simulators and actual

flilht, this me, sure an still be useful.

In r more ideal situa ion, Vramer, Sirevajg, and Lraun (19 7) obtained EPs

elifited by a s, condary "oddball" task during the perfurMance Of a siMU-

latod flight mi sion. The ;imulation apparatus was fixed-based ard did not

cause large EP ignal contamination, and ,ny eyeblink artifacts could be

matheematically orreced by a tvchnique reported by Urdtton, Lole', and

Donchin (1983). When the difficulty of tile prildiy flight task was

in~reased by introducng toThuIUrlce, subs/ysLem farilurs, and increa'ingj

wind speed, the conponents of the LPs el iited by the secordary Lask

(oddball tones) decrersed in amplitude.

Since the SABER 1 boratorius contain a fixed-based Simulation capability,

the electrical noise inherent in actual airplane cockpits ad motion-based

simulators should not be a problem. Evoked potentidis should be relatively

artifact free ard easy to obtain. The secondary task discussed above (the

oddball) seems to be a good candiddte for indexiig the difficulty of flight

tasks. Also, eliciting EPs with discrete occurrences of task relevant

stimuli, such a low-level omrjPn y tMne!, Could prove usrful in evldi-

atini flight tasks. j inall , onfl--uin, I.1G ,lI ,.it.rI , diily ,v", hive ben u'ed

to determine ovrdll ,drousal 1el oif tn np, rl.ur.

b,8



kLL-'L RLNCLS

AGARD (1981). The 1Prdctic-,l Assessmient of Pi lot Workload. Stan Roscoe

(Ed.), AGAROD-AG- 28?, HATO) Fl ight MechdnIICS Panel .

Albery, W. B. (1988). Ehe Effects ot Biodynamiic Stress on Workload in

human Operators. echni cal Pleniordnduin AMRL-1 k-88-U04, AHDl AFSC, Wright-

Patterson Air Force Base, Ohio.

Bduer, L. 0., Struck, 13. D., Goldstein, R., Stern, J. A., andi Wairath,

L. C. (1984). AudiLory discriiilifldtiofl dfld the c'yeblink. Psychophysiology,

2? pp. 636-641.

(;rdtton, G., Coles, 11. (J. 11., mnd Donchin, E. (1983;,. A iew method for

off-line removal of oculdr artildc-t. Llectro(-ncephdjluyrdahy and Clinical
NeUrophysiology, 5 ), pp. 464-46/i.

Hart, S. G. (1982). Hlworeticdl baSiS tor workload asses ,ment research dt

NASA Ames Resedrch Cent( r. In ProceedingIs of the WrkshoL22njFiyht

Testing to Identify Pi lot Work I ad dnd Pilot Llynaii s , AFi rC-TR-32-5.

Jasper, H. (1958). The ten-twenty electrode system of the2 international

federation. [lectroenc(phd ophy dfld Clinical Neurophy-ioloyy, 10,

pp. 371-375.

Kramer, A. I., Sirevdag, L. J., and 1irdUrl, R. (198/). A )sychophysio-

logical assessment of olprator workload during simlalted flight missions.

Human Factors, 29, pp. 145-160.

MicCloskey, K. (198/). iVdloatji a Spatial tdsk: lbehavio-al, subjective,

and physiological correlate,;. :n ProceedingIs of the 31st Annual IMeeting of

the Human Factors Society, pp. //4-718.

Morri,), T. L. (198,5). Llectrooruloyraphic indJices of changyes in simulated

f lying performance. BehdVi or kesearch leImod', , Instruments dfld Computers ,

17, pp. 176-182.

59(



0'1onnell, R. 1'. (1979). ontri huti ons of Psych(cphys illoLl.,l Techniques

to Aircroft Design anj Otti(r Uperational 2robleiis. AGARU-A6-244, NATO

Aerospace Medical Panel.

0'[ onnell , R. D. and Eggeiwier, I . T. (1i36). Worklodd dssesslilent method-

oloqy. ,n Hdnd)ook of Per( eptin drid HuAn Perfurlld IC, (bolf, K. R.,

Kaifrnan, L., ant Thorcds, J. P., Lds.), Junn Wi Iy aid 'urrs: New York,

Pp. 42-1 to 42-49.

Roman, J., Older, H., ano ,ones, W. 1 ('b/). i IijhL resedrch program:

V[l. Medical vlmitoring novy c,,rrier pi lts ill COMrIbdt. Arospac e Tedi-

cite, 38. pp. 133-13Qi.

SAS User's Gu;d : Statistics (1985). SS Institute Inic., (5th Ldition),

Cary, North Carolina.

Skelly, J. J., ?urvis, B., and Wilson, G. F. (19 ;7). Fighter pilot per-

formance during airborne and sirnulator missions: Physiological conupari-

soris. In Electric arid Magnetic Activity of the (.entral Nervous System:

Re,,earch and Clinical Applicatins in Aerospace MudicLiM, AGAIRD No. 43R,

pp. 23-1 to 23-15.

Smith, II. P. R. (196/). Heart 'aL of pilots flying dlrcrdft on scheduled

airline routes. Aerospace Mediu.ine, 38, pp. 1117-1119.

Sterman, M. B., Schunmer, J. J., Dushenko, T. W., wird Smith, J. C.

(1988). Electroencephaloyraphic Correlates of Pilot Performance: simu-

lation and In-Flight Studies. Unpublished manuscript. Sepulveda Veterans

Administration 'Iedical Center, Sepulveda, California.

Strn, J. A. and Skelly, J. J. (1984). ihe eyeblink and workload consid-

erti ons. In Proceetdinqgs of the, ?,8th Anrm'li I[M Lini(j ol the IIJ;IdfII Iwt ors

-)ocieLy, Ip. p12-944.

60



Stern, J. A., Walrath, L. C., and Goldstein, R. (1984). ]'he endogenous eye

blink. Psychophysiology, 21, pp. 22-33.

Wickens, C. D., Kramer, A., Vanasse, L. and Donchin, E. (1983). Perform-

ance of concurrent tasks: A psychophysical analysis of the reciprocity of

information-processing resources. Science, 221, pp. 1080-1082.

Wilson, D. L. and Kuperman, G. G. (1988). Strategic avionics battle-

management evaluation and research. Proceedings of the 40th IEEE National

Aerospace Conference, Dayton, Ohio.

Wilson, G. F. and O'Donnell, R. D. (1988). Measurement of operator work-

load with the Neuropsychological Workload Test Battery. In Human Mental

Workload (P. Hancock and N. Meshkati, Eds.), iwisterdam, The Netherlands:

North Holland.

Wilson, G. F., Purvis, B., Skelly, J. J., Fullenkamp, P., and Davis, I.

(1987). Physiological datd used to measure pilot wurkload in actual flight

and simulator conditions. In Proceedings of the 31st Annual Meeting of the

Human Factors Society, Pp. 779-783.

Zwaga, H. J. G. (1973). Psychophysiological reactions to mental tasks:

Effort or stress? Ergonomics, 16, pp. 61-67.

US G EFRNMENT PRINTINGOFFCE IM - 6MB.O02/Rn22

bl


